In recent studies, investigators have demonstrated that calcium perturbations and mitochondrial failure are an important factor in the pathophysiological phenomena leading to neuronal injury after severe trauma. 7, 16 Normally, mitochondria play a major role in the maintenance of intracellular calcium homeostasis. However, when calcium accumulates in the mitochondria after traumatic spinal cord or brain injury, these cell components swell and lose function. 26 In the presence of free radicals, the mitochondrial permeability transition pore opens, and this leads to cytoplasmic release of calcium, free radicals, and cytochrome C. Such a release can initiate a cascade that causes neuronal injury or even apoptotic cell death. 16, 23, 26 Cyclosporin A is believed to exert a neuroprotective effect by blocking the mitochondrial permeability transition pore, inhibiting calcineurin, and thereby preserving mitochondrial function and integrity. 7, 8 Another immunosuppressive drug, FK506, which is used to prevent allograft rejection in organ transplantation, has been shown to inhibit calcineurin, reduce accumulation of intracellular calcium from inositol 1,4,5-trisphosphate-sensitive stores, suppress caspase activation, and protect against apoptosis. 5, 6, 17 The other immunosuppressive drug used in this study, dexamethasone, enhances neurotrophin activity and reduces the proapoptotic expression of c-fos and c-jun. 14, 27 To date, little preclinical research has been done to study quantitatively the effects of immunosuppressive agents on human neurite outgrowth after neuronal injury.
In this study, we analyze the effects of these agents (that is, FK506, cyclosporin A, and dexamethasone) on the length of neurite outgrowth following pharmacological induction of injury in a human neuronal cell model.
Materials and Methods

Compounds Used in this Study
The DMEM, fetal bovine serum, N2 supplement, and penicillinstreptomycin used in this study were obtained from Invitrogen Corp. (Carlsbad, CA). Retinoic acid, ovalbumin, thapsigargin, dexamethasone, and cyclosporin A were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO). The FK506 was obtained from A.G. Scientific (San Diego, CA).
Cell Culture
Undifferentiated SH-SY5Y cells (American Type Culture Collection, Manassas, VA) at passage numbers between 93 and 100 were plated in 35-mm glass-bottom dishes (MatTek Corp., Ashland, MA) at densities of between 2 and 4 ϫ 10 4 cells/dish in high-glucose DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were allowed to grow overnight, then differentiation was started in high-glucose DMEM supplemented with 0.1% ovalbumin, 1% N2 supplement, 100 U/ml penicillin, 100 g/ml streptomycin, and 5 M retinoic acid. 19 The medium was changed every 2 to 3 days and cells were grown in the differentiation medium for 7 to 10 days before being used for experiments.
Pharmacological Injury
Differentiated SH-SY5Y cells were stimulated using 100 nM thapsigargin. This pharmacological agent inhibits the sarcoendoplasmic reticular calcium-adenosine triphosphatase pump, causing the release of calcium from the endoplasmic reticulum and thereby increasing the cytosolic levels of calcium. This agent has been used as a trigger for apoptotic cell death and simulates the rise in intracellular calcium levels associated with various types of neuronal injury.
10,18
Experimental Treatments to Assess Neurite Length
All treatments were done in differentiation medium. Three 35-mm dishes per condition were pretreated with one of the following agents: 10 nM FK506, 10 M cyclosporin A, 1 M dexamethasone, or 10 M dexamethasone, for 2 hours before the addition of 100 nM thapsigargin. At the specified time after addition of thapsigargin, phase-contrast photomicrographs of the cells were obtained using a Nikon Eclipse TE2000-U microscope (Nikon Instruments, Inc., Melville, NY) equipped with a CoolSnap ES camera (Photometrics, Tucson, AZ; a division of Roper Scientific); a Prior Proscan II (Prior Scientific, Rockland, MA) was used for stage and shutter control. Neurite outgrowth experiments were done in triplicate, and five fields of view from each dish were photographed and evaluated.
Neurite Outgrowth Data Analysis
Photomicrographs were analyzed for neurite length by using Metamorph software, version 6.1 (Universal Imaging Corp., Downingtown, PA). Cumulative distributions of neurite length were calculated and plotted using Microsoft Excel software (Microsoft Corp., Redmond, WA). Neurite outgrowth was measured and expressed according to previously validated techniques. 3 Statistical Analysis was performed using StatView software (SAS Institute, Cary, NC). Statistical significance was defined as a probability value less than or equal to 0.05.
Assay for Apoptotic Cell Death
To determine whether thapsigargin-induced apoptosis of SH-SY5Y cells could be reversed by immunosuppressive agents, a simple terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling assay was performed. The differentiated SHSY5Y cells in 35-mm glass-bottom dishes were removed from their medium and three dishes per condition were pretreated for 2 hours with one of the following immunosuppressive agents: either 1 M cyclosporin A or 20 M dexamethasone. After pretreatment, 100 nM of thapsigargin was added to each dish. Three dishes were left as untreated controls and in three more only thapsigargin was added as another control. (The addition of thapsigargin was regarded as Time 0 for imaging.)
The dishes were removed at the appropriate time point (after 24, 30, 36, or 48 hours) and washed with 1x PBS. For all washing and fixation steps, we used 1 to 2 ml of solution per dish. The cells were then fixed with 3.7% paraformaldehyde in 10% buffered formalin PBS for 10 minutes. Postfixation was then performed by adding 100% methanol to each dish for 20 minutes. Next, 80% ethanol was added for 10 minutes, and then the cells were air-dried for 10 minutes. After that, 70% ethanol was added to the cells for 10 minutes, and the postfixation protocol was concluded by allowing the cells to air-dry overnight. These fixed cells could then be stored at 4˚C until they were needed for apoptosis staining. The cells needed to be rehydrated to perform the apoptosis staining protocol, and an ethanol series of 100, 95, and 70% ethanol, with each addition followed by 1x PBS for 5 minutes, was used for rehydration.
The apoptosis staining was begun by washing the cells for 5 minutes with 1 to 2 ml of 1x PBS per dish. The cells were then permeabilized with 0.1% Triton X-100 in PBS (100 l per dish) for 15 minutes. The apoptosis staining was then performed according to the manufacturer's protocol for the ApopTag kit (S7101; Chemicon International, Inc., Temecula, CA). A blue counterstain kit (R & D Systems, Minneapolis, MN) was then applied to the dishes to allow the total number of cells to be counted more easily. The counterstain, which contains hematoxylin and aniline blue dye in a 1:5 dilution with double-distilled water, was added in 100-l amounts to each dish for 75 to 180 seconds. The dishes were then washed 10 times with tap water and then with ammonium water for 30 seconds. A series of 10 washes each with tap water and then with 70, 95, and finally 100% ethanol were performed, and the dishes were air-dried and mounted with Permount.
The dishes were analyzed for the fraction of apoptotic cells; under each experimental condition, analyses were performed in triplicate and five fields of view were assessed for the percentage of apoptotic cells. Again, statistical analysis was performed using StatView software; a probability value of less than or equal to 0.05 was deemed significant.
Results
Response to Cyclosporin A
Neurite length was enhanced with cyclosporin A in a dose-dependent fashion. At 60 hours after thapsigargininduced injury, 1 M cyclosporin A increased neurite outgrowth over that in thapsigargin-injured cells alone (Fig.  1) . The proportion of neurites whose lengths were less than or equal to 30, 35, 40, and 45 microns was increased in cells treated with 1 M cyclosporin A in comparison with the proportion in thapsigargin-injured cells that were not treated with an immunosuppressive agent (p Ͻ 0.05, ttest). Addition of 10 M cyclosporin A dramatically increased neurite lengths; with this treatment, 20% of neurites had a length of 40 microns or more, compared with 4% in the cells given thapsigargin alone (Fig. 2) .
Response to FK506
The addition of 10 nM FK506 rescued and increased the fraction of neurites whose lengths were less than or equal to 20, 30, and 40 microns in a statistically significant fashion (p Ͻ 0.05, t-test), compared with those of cells treated with thapsigargin alone (Fig. 3) .
Response to Dexamethasone
Pharmacological rescue of neurite length using 1 M dexamethasone worsened the overall distribution of neurite lengths compared with cells treated with thapsigargin alone (Fig. 4) , although this difference in neurite distribution did not achieve statistical significance. However, addition of 10 M dexamethasone increased the fraction of neurites whose lengths were less than or equal to 10, 15, 20, 25, 30, 35, 40 , and 45 microns (Fig. 5 ) in a statistically significant fashion (p Ͻ 0.05, t-test).
A qualitative depiction of untreated SH-SY5Y neurite length is depicted in Fig. 6 , whereas Fig. 7 illustrates the dramatic reduction in neurite length following 100-nM thapsigargin injury. Figure 8 shows the neurite recovery exhibited by cells treated with 10 M dexamethasone despite thapsigargin injury.
Apoptosis Response
Depending on the incubation time, 100 nM thapsigargin induced between a 4 and 11% rate of apoptosis. Treatment of SH-SY5Y cells with 1 M cyclosporin A or 20 M dexamethasone was able to reduce the rates of apoptosis significantly at 36 hours after the thapsigargin insult (p Ͻ 0.05, t-test; Fig. 9 ).
Discussion
Human neurons are exquisitely sensitive to cellular perturbations and injury. The first sign that immunosuppressive medications were of use following neuronal injury came from studies of methylprednisolone administered after spinal cord injury. 2, 4, 28 Since then, immunosuppressive agents have been a focus of investigation for spinal cord injury, stroke, and neurodegenerative disease. 9, 15, 26 Injury to these postmitotic cells can have grave clinical ramifications in such events as stroke, spinal cord injury, and neurodegeneration. Following onset of the aforementioned conditions, intracellular calcium increases have been linked to neuronal injury and cell death. 10, 18, 22 The regu- lation of neuronal calcium homeostasis can be achieved by various methods, and immunosuppressive drugs represent one such class of agents that can help lessen the severity of a calcium insult.
The ability to protect neurons and reestablish connections has also been the focus of much investigation. Immunosuppressive agents have been found to be neuroprotective; for example, FK506 and cyclosporin A were found to inhibit calcineurin and suppress caspase activity in SH-SY5Y cells following thapsigargin challenges. 17 The agent FK506 has also been shown to potentiate nerve growth factor-induced neurite outgrowth in SH-SY5Y cells, in PC12 cells, and in sensory neuronal cultures. 11, 20, 24 Our results indicate that FK506, cyclosporin A, and dexamethasone all can promote neurite outgrowth following thapsigargin-induced calcium challenges, and that they can do so without the presence of neurotrophins. Dexamethasone and cyclosporin A can also lessen the extent of apoptosis after thapsigargin-induced injury. Moreover, the demonstration of in vitro neurite potentiation and antiapoptotic effects of these agents in the absence of immune cells clearly indicates that these changes occur through signal transduction rather than indirect effects on the immune system. It will be important to study these agents in animal models, for better observation of their effects.
The role of immunosuppressive agents is not limited to neuronal protection after injury; these agents have also been used in human neuronal transplantation. 1, 12, 13, 21, 29 Avramut, et al., 1 demonstrated that FK506 increased neuronal numbers and expression of the neuronal marker MAP2 in human fetal brain cultures. Trojanowski, et al., 25 reported that cyclosporin prolonged survival of human neuronal cells after transplantation. Based on our in vitro results, appropriate concentrations of FK506, cyclosporin A, and dexamethasone may be used to enhance the neuritic processes of human neuronal cells after transplantation. Such neurite extension may help to integrate the transplanted cells into damaged neuronal circuitry.
Although there is unlikely to be a single agent that will facilitate neuronal protection and potentiate neurite outgrowth in all cases, immunosuppressive agents such as FK506, cyclosporin A, and dexamethasone may play a significant role in pharmacological treatment after neuronal injury. Because all three work on different cellular effectors, a combination of these agents may afford greater neurite outgrowth than any one of them alone. In addition, the in vivo effects of these immunosuppressive agents must be studied in animal models of brain and spine injury and neurodegeneration. Investigators in our laboratory have begun additional research along these lines.
Conclusions
After pharmacological injury with thapsigargin, the neurite length in differentiated SH-SY5Y cells is severely reduced, and cells undergo a greater rate of apoptosis. Addition of FK506, dexamethasone, and cyclosporin A can significantly potentiate the growth of neurites and protect
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Immunosuppressive agents: neurite outgrowth and reduced apoptosis against apoptosis after calcium agonist injury. The ability to rescue neurites and prevent cell death with immunosuppressive agents alone points to potential therapeutic options for brain and spinal injury, neurodegenerative diseases, and neuronal transplantation.
